The fates of Rat1a cells expressing FosB and DFosB as fusion proteins (ER-FosB, ER-DFosB) with the ligand binding domain of human estrogen receptor were examined. The binding of estrogen to the fusion proteins resulted in their nuclear translocation and triggered cell proliferation, and thereafter delayed cell death was observed only in cells expressing ER-DFosB. The proliferation of Rat1a cells, but not cell death triggered by ER-DFosB, was completely abolished by butyrolactone I, an inhibitor of cyclinedependent kinases, and was partly suppressed by antisense oligonucleotides against galectin-1, whose expression is induced after estrogen administration. The cell death was accompanied by the activation of caspase-3 and -9, the fragmentation of the nuclear genome and cytochrome c release from the mitochondria, and was suppressed by zDEVD-fmk and zLEHD-fmk but not zIETD-fmk. The cell death was not suppressed by exogenous His-PTD-Bcl-x L at all, suggesting involvement of a Bcl-x L -resistant pathway for cytochrome c release.
Introduction
Jun and Fos family proteins constitute the activator protein-1 (AP-1) transcription factors, 1,2 which regulate the expressions of various genes that determine cell fates such as cell proliferation, differentiation and programmed cell death. 3, 4 Among four members of fos family genes (c-fos, fosB, fra-1, fra-2), only the fosB gene forms two mature mRNAs, fosB and DfosB, by alternative splicing, 5 each of which encodes more than two polypeptides by the alternative initiation of translation. 6, 7 The DFosB protein encoded by DfosB mRNA lacks the C-terminal 101 amino-acid region of FosB protein encoded by fosB mRNA, which contains several functional motifs responsible for interaction with other transcription factors. 5, 8 The fosB gene products form heterodimers with c-Jun, JunB or JunD proteins in the same manner as c-Fos protein, thereby stimulating the DNA binding activities. FosB dramatically enhances the Jun transcription activating ability acting on AP-1-dependent promoters as does c-Fos, while DFosB suppresses the Jun transcription activating ability. Furthermore, DFosB counteracts the repression of the serumactivated c-fos and fosB promoters by either c-Fos or FosB iteslf. Thus, fosB gene products are likely to play an important role in the modulation of the gene expression regulated by AP-1. 5 The fosB expression is either absent or barely detectable in most types of adult tissues of rodents, while a basal expression of fosB is detected in some neurons scattered throughout the brain cortex, and in the dorsal portion of the dentate gyrus in the hippocampus. 9 The expression of the fosB gene, as well as c-fos or c-jun, is both rapidly and transiently induced in brains in response to electrical stimulation, physiological perturbation, stress and psychotropic drugs. [9] [10] [11] [12] The fosB gene products, especially DFosB, have been reported to regulate potentially the neuronal function as well as such cell fates as cell proliferation and differentiation. 7, [13] [14] [15] We previously reported that the expression of FosB and DFosB increased in the rat hippocampal CA1 neurons prior to their delayed death after ischemic reperfusion, 16 thus suggesting that FosB or DFosB may be involved in the regulation of such programmed cell death in addition to regulation of cell proliferation and differentiation. It has been well documented that c-Fos and c-Jun play important roles in the induction of apoptosis; 4 however, there is little literature reporting on the fact that FosB or DFosB regulate the induction of programmed cell death.
In order to examine the possibility as to whether FosB or DFosB modulate such cell fates, we previously developed a conditional regulatory system of FosB and DFosB, as well as other nuclear proteins such as O 6 -methylguanine DNA methyltransferase (MGMT), 13, 17 in which each protein is expressed as a fusion to the ligand binding domain of human estrogen receptor (ER), and the fusion proteins translocate to the nucleus only in the presence of estrogen. Using the ERFosB and ER-DFosB expression system, we demonstrated that DFosB as well as FosB can both potentially activate the proliferation of quiescent Rat1a and rat 3Y1 cells, rat embryo cell lines, to transit G1, initiate DNA replication and ultimately undergo cell division, at least once. 13, 15, 18 Furthermore, we showed that rat 3Y1 cells expressing ER-DFosB or ER-FosB undergo differentiation after one round of cell division with alterations in their gene expression. 15 In the present study, using the ER-FosB and ER-DFosB expression system, we demonstrated that the prolonged expression of ER-DFosB, but not ER-FosB, in Rat1a cells induces delayed apoptosis dependent on the activation of caspase-9 and -3 following the release of mitochondrial cytochrome c, after one round of cell proliferation. However, this delayed apoptosis was found to be independent of the cell proliferation.
Results
ER-DFosB, but not ER-FosB, induces delayed apoptosis following proliferation in quiescent Rat1a cells
We earlier reported that FosB and DFosB expressed as fusion proteins (ER-FosB, ER-DFosB) with the ligand binding domain of the human ER in Rat1a cells accumulate in nuclei and form stable complexes with Jun proteins after estrogen treatment. 13 The nuclear accumulation of ER-DFosB, and to a lesser extent ER-FosB, triggers quiescent cells to complete one cell cycle in the absence of serum within 36 h. 18 To evaluate the fates of these cells after the completion of one cell cycle, we further examined the cultures for longer periods. Confluent cultures of Rat1a(ER-FosB), Rat1a(ERDFosB) and Rat1a(ER-MGMT) cells were maintained in a serum-free medium for 2 days. First, we confirmed that the nuclear accumulation of the ER-fusion proteins lasts for at least 76 h after estrogen administration ( Figure 1a ). As shown in Figure 1b , after serum stimulation each line of cells was observed to divide twice within the first 48 h, and thereafter the cells ceased to proliferate. On estrogen stimulation, the number of Rat1a (ER-FosB) cells doubled within the first 60 h after exposure to estrogen, and the number of viable cells thereafter slightly decreased. On the other hand, Rat1a (ERDFosB) cells treated with estrogen were observed to divide once within the first 36 h after stimulation, and thereafter most of the living cells not stained with trypan blue apparently disappeared. Accordingly, a significant number of dead cells stained with trypan blue appeared in the culture of Rat1a (ERDFosB) cells treated with estrogen, and such dead cells were never observed in any other cultures. These observations were confirmed by analyzing more than three independent cell lines expressing ER-FosB and ER-DFosB (data not shown).
As shown in Figure 1c , fluorochrome staining (Hoechst33258) revealed nuclear condensation and fragmentation in the culture of Rat1a (ER-DFosB) but not Rat1a (ER-FosB) cells, 48 h after estrogen administration. Furthermore, in the Rat1a (ER-DFosB) cells, electron-dense nuclear inclusions, which are most likely apoptotic bodies, 19 were observed by electron microscopy (Figure 1d) . A flow cytometry analysis revealed that about 16-38% of Rat1a (ER-DFosB) cells were in the sub-G1 fraction, as hypodiploid cells, 48 and 72 h after estrogen administration (Figure 1e ), but the number of such cells was much smaller in Rat1a (ERFosB) and Rat1a (ER-MGMT) cells. Furthermore, pulse field gel electrophoresis revealed a high molecular weight DNA fragmentation only in the estrogen-treated Rat1a (ER-DFosB) cells (Figure 2a ). Low molecular weight oligonucleosomal fragmentation only became evident in Rat1a (ER-DFosB) cells 36 h after estrogen administration (Figure 2b ), thus indicating that delayed cell death is accompanied by the fragmentation of the nuclear genome.
As a result, we concluded that ER-DFosB, but not ER-FosB, induces the delayed apoptosis after one round of cell proliferation in quiescent Rat1a cells.
The delayed apoptosis caused by DFosB is independent of cell proliferation
We earlier reported that the levels of CDK1, CDK2 and cyclin A, B, E mRNAs increased during the proliferative activation of the quiescent Rat1a cells by ER-DFosB. 18 Since the sustained activation of cyclin-dependent kinases (CDKs) was reported to induce apoptotic cell death, 20, 21 we further examined whether functions of CDKs are involved in the induction of delayed apoptosis triggered by ER-DFosB. When quiescent Rat1a(ER-DFosB) cells were pretreated with 20 mM butyrolactone I, a specific inhibitor for CDK1 and CDK2, 22 their proliferation was not induced after estrogen administration at all (Figure 3) . However, the number of living cells was substantially decreased from 36 h after estrogen administration. Without estrogen, 20 mM butyrolactone I had no toxic effect on the quiescent cells.
We thus concluded that butyrolactone I inhibited cell proliferation, but not the delayed apoptosis triggered by ERDFosB.
Induced expression of galectin-1 in estrogentreated Rat1a(ER-DFosB) cells
We recently reported that the expression of galectin-1, which is known to promote cell proliferation or apoptosis, 23, 24 is upregulated downstream of DFosB in rat 3Y1 embryo cell line. 15 We next examined the expression of galectin-1 in the Rat1a(ER-DFosB) cells (Figure 4 ). The levels of galectin-1 protein determined by Western blotting were significantly higher in the quiescent Rat1a(ER-FosB) and Rat1a(ER-MGMT) cells than in the quiescent Rat1a(ER-DFosB) cells. The level of galectin-1 in the latter cells also slightly increased soon after estrogen administration, and thereafter further increased until it reached a level equivalent to that in the former cells (Figure 4a ). In contrast to the protein levels, Northern blotting revealed the levels of galectin-1 mRNA in three cell lines to be equivalent and constant throughout the experiments (Figure 4b, c) .
Galectin-1 is partly responsible for the proliferation of Rat1a(ER-DFosB) cells, but not for their apoptosis
In order to examine the biological significance of the altered expression of galectin-1 in Rat1a(ER-DFosB) cells, antisense oligonucleotides against galectin-1 mRNA were applied to the cells ( Figure 5 ). The level of galectin-1 protein was significantly downregulated in the cells receiving antisense oligonucleotides but not random oligonucleotides, from 36 to 72 h after estrogen administration (Figure 5a ).
The proliferation of quiescent Rat1a(ER-DFosB) cells induced by estrogen administration was partially suppressed in the culture receiving antisense oligonucleotides but not random oligonucleotides (Figure 5b ). In these experiments, the number of living cells not stained by trypan blue did not apparently decrease 72 h after estrogen administration; however, the cells brightly stained by Hoechst33342 and hypodiploidic cells in the sub-G1 fraction significantly increased even in the culture that received antisense oligonucleotides 48 h after estrogen administration (Figure 5c ), thus indicating that the delayed apoptosis was not nullified by the antisense oligonucleotides.
In the presence of 100 mM lactose but not fucose, the proliferation of the quiescent Rat1a(ER-DFosB) cells induced by estrogen administration was also partially suppressed ( Figure 5d ). Again, the delayed cell death was not suppressed in the presence of lactose (data not shown). These results indicate that galectin-1, especially its function as lectin, is partly responsible for the proliferation of Rat1a(ER-DFosB) cells but not for the delayed apoptosis triggered by DFosB. Quiescent Rat1a(ER-FosB) and Rat1a(ER-DFosB) cells were treated with 1 mM estrogen for 48 h, and were then fixed and stained with Hoechst33258. Bars indicate 10 mm ( Â 400). (d) Electron microscopy. Rat1a(ER-DFosB) and Rat1a(ER-FosB) cells were treated with 1 mM estorgen for 48 h, and were then processed for electron microscopy as described in Materials and Methods. Bars indicate 5 mm ( Â 3000). (e) Detection of hypodiploid cells. Quiescent Rat1a(ER-FosB), Rat1a(ER-DFosB) and Rat1a(ER-MGMT) cells were treated with 1 mM estrogen for the times noted, and isolated nuclei were subjected to flow cytometry after staining with propidium iodide. The percentages of nuclei in the sub-G1 fraction are shown
The delayed apoptosis caused by ER-DFosB is caspase-3-and caspase-9-dependent
In the Rat1a(ER-DFosB) but not Rat1a(ER-FosB) and Rat1a(ER-MGMT) cells, the 85-kDa processed form of poly(ADP-ribose)polymerase (PARP) was detected 48 h after estrogen administration (Figure 6a ), thus suggesting that caspase-3 is activated during the delayed apoptosis induced by ER-DFosB. 25 A 32-kDa procaspase-3 was detected in all of the three cell lines, and its levels most likely increased in Rat1a(ER-FosB) and Rat1a(ER-DFosB) but not Rat1a(ER-MGMT) cells (Figure 6b ). In Rat1a(ER-DFosB) cells, a smaller band corresponding to a 24-kDa polypeptide, which seems to be the partially processed caspase-3 intermediate form (the prodomain and the large subunit), 26 significantly increased from 48 and 72 h after estrogen administration. Furthermore, the longer exposure, shown in the lower panel of Figure 6b , revealed that the 20-and 17-kDa bands corresponding to the large subunit of caspase-3, 26 which is also evident in the cells treated with actinomycin D, were detected in estrogen-treated Rat1a(ER-DFosB) but not Rat1a(ER-MGMT) and Rat1a(ERFosB) cells.
No enzyme activity cleaving DEVD-AFC, a substrate for the caspase-3 and related proteases, 27 was detected in the quiescent Rat1a cells, but the activity cleaving DEVD-AFC significantly increased only in the Rat1a(ER-DFosB) cells from 48 to 72 h after estrogen administration ( Figure 6c ). In addition, the activity of hydrolyzing LEHD-AFC, a substrate for the caspase-9, 27 also significantly increased only in the Rat1a(ER-DFosB) cells from 48 to 72 h after estrogen administration ( Figure 6c ). We performed a Western blot analysis for caspase-9 and detected 45-kDa procaspase-9; however, processed forms of caspase-9 were barely detectable in any cell lines using the polyclonal antibodies against caspase-9 p10 (H83) (data not shown).
Although substantial levels of activity hydrolyzing LETD-AFC, a substrate for the caspase-8, were detected in Rat1a(ER-FosB), Rat1a(ER-DFosB) and Rat1a(ER-MGMT) cells in the absence of estrogen, the levels changed similarly in all three cell lines after estrogen administration ( Figure 6c ). Similar results were obtained when IETD-AFC was used as a substrate (data not shown).
To confirm that caspase-3 and caspase-9 are indeed involved in the process of the delayed apoptosis induced by DFosB, inhibitors for the caspases were applied to the Rat1a(ER-DFosB) cells. As shown in Figure 7a , b, the number of living cells not stained by trypan blue was almost completely restored in the presence of both zDEVD-fmk and zLEHD-fmk, an inhibitor for caspase-3 and caspase-9, respectively. 28 However, in the presence of an inhibitor for caspase-8, zIETDfmk, cell death was not prohibited at all (Figure 7c ).
We thus conclude that caspase-3 and Caspase-9 are activated and involved in the delayed apoptosis of Rat1a cells triggered by ER-DFosB.
Cytochrome c is released from the mitochondria during the delayed apoptosis caused by ER-DFosB
Since the activation of caspase-9 is mostly dependent on cytochrome c released from mitochondria and Apaf-1, 29 we Figure 2 Fragmentation of nuclear DNA in Rat1a(ER-DFosB) cells during the delayed cell death triggered by estrogen. (a) High molecular weight DNA fragmentation. Quiescent Rat1a(ER-FosB), Rat1a(ER-DFosB) and Rat1a(ER-MGMT) cells were treated with 1 mM estrogen for the times noted, and equal numbers of cells were subjected to pulse-field gel electrophoresis. (b) Low molecular weight oligonucleosomal fragmentation. Quiescent Rat1a(ER-FosB) and Rat1a(ER-DFosB) cells were treated with 1 mM estrogen for the times noted, and the low molecular weight DNA isolated from equal number of cells for each sample were subjected to 1 % agarose gel electrophoresis We then examined the levels of proapoptotic and antiapoptotic proteins such as Bad, Bax, Bid, Bcl-2 and Bcl-x L , which are known to be involved in the regulation of cytochrome c release from mitochondria, 30 by Western blotting. Substantial levels of these proteins were detected in Rat1a(ER-FosB), Rat1a(ER-DFosB) and Rat1a(ER-MGMT) cells with or without estrogen treatment (data not shown), thus indicating that FosB or DFosB did not alter the expression of these proteins.
In order to examine whether the delayed cell death caused by DFosB is suppressed by increasing the intracellular level of antiapoptotic protein, Bcl-x L , we applied His-PTD-Bcl-x L fusion protein, in which the 11-amino-acid protein transduction domain (PTD) of the HIV/TAT protein was fused to Bcl-x L protein, 31 to the culture of Rat1a(ER-DFosB) cells. Although it has been shown that administration of the PTD-Bcl-x L fusion protein effectively suppresses cytochrome c release and cell death induced by staurosporine in cultured neurons, 32 we first applied the fusion protein to the culture of Rat1a(ER-DFosB) cells treated with staurosporine to confirm its potency. As shown in Table 1 , in the presence of 84 or 758 nM of His-PTDBcl-x L protein, the fraction of apoptotic cells revealed by fluorochrome staining decreased from 40% to less than 30% in the culture of staurosporine-treated Rat1a(ER-DFosB) cells, thus indicating that the staurosporine-induced cell death is partly suppressed by the His-PTD-Bcl-x L . However, the delayed apoptosis induced by ER-DFosB was not suppressed by His-PTD-Bcl-x L at all, even when 600 nM of His-PTD-Bcl-x L was administered into the culture 2 h before estrogen treatment or 12 and 24 h after estrogen treatment ( Table 2) .
Discussion
In the present study, we demonstrated that the prolonged nuclear localization of ER-DFosB, an estrogen-dependent form of a naturally occurring truncated form of FosB, triggers the delayed apoptosis in rat embryo cell line Rat1a cells. In addition, we also showed that the delayed apoptosis occurs in the mitochondrial pathway which is dependent on caspase-9 and -3 but is not suppressed by exogenous Bcl-x L .
DFosB and FosB, have both been shown to trigger proliferation of quiescent Rat1a and rat 3Y1 cells; 13, 15 however, these two cell lines exhibited different cell fates with a prolonged expression of DFosB or FosB. Rat 3Y1 cells expressing ER-DFosB, and to a lesser extent ER-FosB, undergo differentiation after one round of cell proliferation with an alteration of gene expression, 15 while Rat1a cells with ERDFosB, but not ER-FosB, undergo delayed apoptosis after one round of cell proliferation. Both cell lines were established from rat embryos; however, their different responses to FosB and DFosB indicate that their cell fates are predetermined and can be triggered by FosB or DFosB. In Rat1a cells, the expression of FosB and DFosB results in different responses, with the former showing only proliferative activation, while the other shows delayed apoptosis after limited proliferation, thus indicating that the C-terminal transactivating domain of FosB, which is missing in DFosB, 5 may transactivate some genes that can suppress delayed apoptosis. If this is the case, then one can expect that the apoptosis by DFosB can be suppressed by an overexpression of FosB; however, we could not attain such an overexpresion of FosB or ER-FosB in Contrary to our observation, Yamamura et al. 33 reported that FosB, but not DFosB, promotes programmed cell death triggered by TGF-b, while DFosB counteracts the FosB function. We may suggest that these different responses of cells to FosB and DFosB are cell-type dependent, that is, FosB or DFosB can only trigger the genomic response that is predetermined in each cell type. For example, rat 3Y1 cells, but not Rat1a cells, differentiate after a limited proliferation upon expression of either FosB or DFosB.
15
The cell proliferation triggered by ER-DFosB is accompanied by an increased expression of cyclins and CDKs, such as cycline A, B, E and CDK1, CDK2. 18 Our present results indicate that cell proliferation is completely dependent on the CDKs; however, delayed apoptosis is independent of the CDK functions. As a result, the delayed apoptosis triggered by DFosB occurs through some different pathway from that such as Fas-induced apoptosis in hematopoietic cells, which is CDK-dependent. 21 In the presence of butyrolactone I, the cell death triggered by ER-DFosB also progressed in a delayed manner, thus suggesting that DFosB induces delayed apoptosis independent of cell proliferation.
In rat 3Y1 cells, as one of the downstream targets for DFosB, we identified galectin-1, a 14-kDa b-D-galactoside binding lectin whose expression was upregulated in the posttranscriptional processes. 15 Since galectin-1 has been shown to play an important role in both the regulation of apoptosis and cell proliferation, 23, 24, 34, 35 we examined the expression level of galectin-1 in Rat1a cells. Galectin-1, which is constitutively expressed in Rat1a cells expressing ER-FosB or ER-MGMT, is barely detectable in Rat1a(ER-DFosB) cells without estrogen, and is highly induced after estrogen treatment, thus confirming that DFosB does alter the galectin-1 expression even in Rat1a cells. The knockdown of galectin-1 expression in Rat1a(ER-DFosB) cells by antisense oligonucleotide or the inhibition of its lectin activity by lactose indicates that galectin-1 is partly responsible for the cell proliferation induced by DFosB, but not for the delayed apoptosis. We would again like to emphasize that the galectin-1 expression is altered in the process(es) of post-transcription by DFosB. Since galectin-1 is expressed even in Rat1a(ER-MGMT) cells whose proliferation was not altered by estrogen, it is likely that the galectin-1 expressed in Rat1a(ER-DFosB) cells in the presence of estrogen may have some different properties because of post-translational modification, such as oxidation or processing. 15, 36 DFosB triggers the delayed apoptosis, most likely through one of the mitochondrial pathways, in which the cytochrome c release from mitochondria is an upstream event leading to caspase-9 and caspase-3 activation. 29, 30 Our data indicate that both caspase-9 and caspase-3, but not caspase-8, are essential for cell death in Rat1a(ER-DFosB) cells. The release of cytochrome c from the mitochondria is the most upstream event related to apoptosis among those observed in the Rat1a(ER-DFosB) cells, which became evident 48 h after estrogen treatment, and the amount of cytochrome c released was much larger than that observed in the cells treated with staurosporine. About 40% of all Rat1a(ER-DFosB) cells treated with staurosporine underwent apoptosis 12 h after treatment, and a quarter of the dead cells were rescued by the administration of relatively small amounts of His-PTD-Bcl-x L , (84 nM), thus indicating that cytocrome c release caused by staurosporine occurs through a pathway that can be suppressed by Bcl-x L , at least in part, as previously reported. [37] [38] [39] The cell death caused by ER-DFosB is much more severe than that by staurosporine, probably reflecting the higher level of cytochrome c release; however, cell death was not suppressed by the administration of large amounts of His-PTD-Bcl-x L protein (600 nM). In Rat1a cells, various antiapoptotic and proapoptotic proteins such as Bcl-2, Bcl-x L , Bax, Bad, Bid 30 are constitutively expressed regardless of the presence of either ER-DFosB expression or estrogen treatment. We thus suggest that DFosB, but not FosB, triggers an upstream event(s), which causes cytochrome c release and is not suppressed by increasing the intracellular level of Bcl-x L .
Delayed cell death is a well-known phenomenon observed in the CA1 area of the hippocampus following forebrain ischemia in rodents, where CA1 neurons undergo apoptotic cell death 3-4 days after insult. 40 We previously reported that levels of FosB and DFosB are very low in the hippocampus of the control rat and are increased immediately in dentate gyrus and CA3 within a day after transient forebrain ischemia; however, in CA1, levels of DFosB and the lesser extent of FosB increased more slowly together with c-Jun and reached the maximum just prior to the delayed cell death of CA1 neurons. 16 Our present findings together with this observation suggest that an increased level of DFosB in CA1 neurons is responsible for delayed neuronal cell death.
In adult gerbils or rats, high levels of Bax and Bcl-x L were constitutively expressed in the CA1 area, while the level of Bcl-2 and Bcl-x s increased in dying CA1 neurons during the delayed neuronal death following forebrain ischemia, thus indicating that Bcl-x L and Bcl-2 were not sufficient to prevent nerve cells from dying. 41 It has been shown that Bcl-x s promotes apoptosis independent of both cytochrome c and caspases; 42 however, delayed neuronal death has been shown to be mostly caspase-9-and caspase-3-dependent accompanied by cytochrome c release, [43] [44] [45] and this phenomenon is consistent with the delayed apoptosis triggered by DFosB.
We are presently screening both transcripts and proteins whose expressions are altered during the delayed apoptosis triggered by DFosB to elucidate the molecular pathway. A better understanding of the molecular pathway in delayed apoptosis by DFosB may help to shed some light on the molecular mechanism of delayed neuronal death after the transient forebrain ischemia.
Materials and Methods

Materials
Estrogen (b-estradiol), poly-L-lysine, lactose, fucose and actinomycin D were obtained from Sigma-Aldrich (St Louis, MO, USA). Caspase inhibitors, zDEVD-fmk, z-LEHD-fmk, z-IETD-fmk, and synthetic substrates for caspases, Ac-DEVD-AFC, Ac-LEHD-AFC, Ac-IETD-AFC, Ac-LETD-AFC, were purchased from Enzyme System Products (Livermore, CA, USA). DNA Ladder (1 kb), Prestained Protein Molecular Weight Standards, DMEM and FBS were purchased from Life Technologies (Bethesda, MD, USA). Rainbow Protein Molecular Weight Standards were products of Bio-Rad (Hercules, CA, USA). Low Range PFG Marker (2.03-194.0 kb) was a product of New England Biolabs Inc. (Beverly, MA, USA). Hoechst33258, staurosporine and most of the other chemicals were obtained from Wako Pure Chemical Industries Ltd (Osaka, Japan). Hoechst33342 was a product of Carbiochem (San Diego, CA, USA). Butyrolactone I, an inhibitor for CDKs, was described previously. 22 The sources of all other materials are indicated at the appropriate places in the text.
Antibodies
Rabbit polyclonal antibodies, anti-FosB(N) against FosB and DFosB, were used as previously described. 5, 13 Anti-rhGal-1 was used to detect galectin-1, 
Oligonucleotides
Antisense oligonucleotide for rat galectin-1 mRNA (AS: 5 0 -CACAGGC-CATGATTGAAG-3 0 ) and an oligonucleotide with a random sequence (RS: 5 0 -AGATCTTCTCAAGTGCTT-3 0 ) were purchased from Hokkaido System Science Co., Ltd (Sapporo, Japan). In each oligonucleotide, two phosphate residues at the 3 0 and 5 0 ends were replaced with phosphorothioates.
Cell culture
Rat1a cells transfected with pcDEBD, pcDEBD:ER-FosB and pcDEB-D:ER-DFosB were designated as Rat1aH, Rat1a(ER-FosB) and Rat1a(ER-DFosB), respectively, and were maintained as previously described. 13, 18 To prepare serum-deprived quiescent cells, cells were grown to confluence and maintained in serum-free DMEM for 2 days. The quiescent cells were stimulated with 20% FBS or with 1 mM estrogen. The number of viable cells in culture was counted using a hemocytometer, following staining with trypan blue.
Pulse field gel electrophoresis
The high molecular weight DNA fragmentation observed during apoptosis was examined by pulse field gel electrophoresis, as previously described. 47 
Detection of oligonucleosomal fragmentation
Both the DNA extraction and agarose gel electrophoresis for the detection of oligonucleosomal fragmentation were performed as described. 48 
Western blotting
Nuclear and cytoplasmic lysates for the detection of ER-FosB and ERDFosB by Western blotting analysis were prepared and the UV absorbance (A260, A280) of each lysate at 260 and 280 nm was measured, as described. 13 Cell lysates to detect galectin-1 and PARP were prepared by sonicating cells in a lysis buffer (20 mM Tris-HCl, pH 7.5, 1% SDS, 2 mM EDTA, 2 mM EGTA, 6 mM b-mercaptoethanol, 1 mM PMSF, 25 mg/ml pepstatin and 25 mg/ml leupeptin). To detect caspases by Western blotting, harvested cells were suspended in a lysis buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2 mM sodium orthovanadate, 1 mM PMSF, 25 mg/ml pepstatin and 25 mg/ml leupeptin), and were incubated for 15 min on ice. Next, the lysate was centrifuged at 15 000 g for 10 min at 41C, and the supernatant was recovered. Proteins were separated on SDS-PAGE and transferred onto Immobilon-P membrane (Millipore Corporation, Bedford, MA, USA), and the membranes were subjected to Western blotting, according to a previously described procedure. 49 Primary antibodies were used with a combination of horseradish peroxidase-labeled protein A (Amersham 
Northern blotting analysis
Total cellular RNA was isolated using an isogen kit (Nippon Gene, Tokyo, Japan). Northern blotting was performed using an a-32 P-labeled probe as previously described. 18 Radioactivity on the membrane was measured in a Bio-image analyzer (model BAS 2000, Fuji Photo Film Co. Ltd), and digitized images were processed for publication using the Adobe Photoshop 5.5J.
Flow cytometry
The cells were collected and resuspended in 0.5 ml of 3.4 mM sodium citrate, 10 mM NaCl, 0.1% NP-40, 50 mg/ml propidium iodide to stain nuclear DNA. The fluorescence intensity in the cell nucleus was measured with a FACScalibur (Becton Dickinson). For each sample, 10 000 cells were analyzed and the results were processed using the Cell Quest computer program (Becton Dickinson). Percentages of the cells in the sub-G1 fraction were calculated by ModFit software (Becton Dickinson).
Caspase assay
Cell lysates for caspase assay were prepared as described, 50 with a slight modification. Harvested cells (2.7 Â 10 7 ) were suspended in 50 ml of a lysis buffer (50 mM KC1, 50 mM Pipes, pH 7.0, 10 mM EGTA, 2 mM MgCl 2 , 20 mM cytochalasin B, 1 mM PMSF, 10 mM DTT) in a small Dounce homogenizer, and the suspension was subjected to several cycles of freezing and thawing in liquid nitrogen. During each thawing cycle, the cells were further disrupted by grinding with a pestle at room temperature. The lysate was centrifuged at 14 000 g, 41C for 15 min, and then the supernatent was recovered, and stored at À801C. Cleavage of DEVD-AFC by caspase-3 or caspase-3-like activity was assayed as follows. Lysate (30 mg of protein) was incubated in 500 ml of buffer (0.1 M HEPES, pH 7.4, 2 mM DTT, 0.1% CHAPS, 1% sucrose) containing 200 mM Ac-DEVD-AFC and incubated at room temperature. To measure the caspase-9 activity, lysate (50 mg of protein) was incubated in 500 ml of buffer (100 mM HEPES, pH 7.5, 20% glycerol, 5 mM DTT, 0.5 mM EDTA) containing 200 mM Ac-LEHD-AFC and incubated at room temperature. To measure the caspase-8 activity, lysate (50 mg of protein) was incubated in 500 ml of the same buffer containing 200 mM Ac-IETD-AFC and incubated at room temperature. In each reaction, the release of free AFC was monitored using fluorometer (RF5300PC, Shimadzu, Kyoto, Japan) settings of 400 nm excitation and 505 nm emission until a significant amount of fluorescence had been generated. Standards containing 0-1200 pmol of AMC were utilized to determine the amount of fluorochrome released. Control experiments (not shown) confirmed that the release of substrate was linear over time and for the protein concentration under the specified conditions.
Electron microscopy
The cells (2 Â 10 7 ) were suspended in 5 ml of PBS, combined with 5 ml of fixing buffer (5% glutaraldehyde, 0.2 M sucrose, 6 mM CaCl 2 in 0.2 M cacodylate buffer, pH 7.4), and kept for 10 min at 371C. The cell pellets were processed through 1% OsO 4 for 30 min at 41C, dehydrated in graded ethanol and propylene oxide, and then embedded in Epon 812 resin. Thin sections were stained with 2% uranyl acetate for 60 min and lead acetate for 5 min and thereafter were examined under a JEM-2000EX electron microscope, as previously described. 19 
Fluorochrome staining of cells
The cells were placed on poly-L-lysine-pretreated four-well LAB-TEK chamber slides (Nalge Nunc, International, Naperville, IL, USA), and then were fixed and stained with Hoechst33258 (5 mg/ml), as described. 48 Living cells on cultured dish were incubated with Hoechst33342 (10 mg/ml) in medium for 30 min at 371C. Phase-contrast figures and fluorochromes were observed under Axiovert 135 M microscope (Carl Zeiss, Inc., Germany). Digitized images were obtained by a digital camera (FinePix Sl Pro, Fuji Photo Film Co. Ltd) and were then processed for publication using Adobe Photoshop 5.5J.
Analysis of cytochrome c release
The cytosolic fraction was prepared as described. 29 Briefly, harvested cells were resuspended in five volumes of ice-cold buffer (250 mM sucrose, 20 mM HEPES-KOH pH 7.5, 5 mg/ml pepstatin A, 10 mg/ml leupeptin), incubated for 15 min on ice, and homogenized in Potter's homogenizer for five strokes. The homogenate was centrifuged at 1000 g for 10 min at 41C, and the supernatant was further centrifuged at 100 000 g for 30 min at 41C. The cleared supernatant was recovered as the cytosolic fraction. Cytochrome c released in the cytosolic fraction was detected by Western blotting using the mouse monoclonal antibody to cytochrome c (7H8.2C12).
Preparation of His-PTD-Bcl-x L protein
An oligonucleotide encoding MGYGRKKRRQRRRG (the 11-amino acid Tat PTD is underlined) 51 was ligated to the 5 0 -end of the Bcl-x L coding sequence 52 by PCR to construct PTD-Bcl-x L . The ligated DNA fragment was inserted between the NdeI and Hind III sites in the pPROEX-1 expression vector (In vitrogen Life Technologies, Carlsbad, CA, USA) to obtain His-tagged PTD-Bcl-x L (His-PTD-Bcl-x L ). The integrity of the construct was confirmed by sequencing. The fusion protein His-PTD-Bclx L was expressed in E. coli DH5a and was purified as previously described. 30 Purified His-PTD-Bcl-x L protein (56.8 mM) was stored in the stock buffer (PBS containing 8 M urea, 10% glycerol, 1 mM bmercaptoethanol).
Determination of the protein concentration
The protein concentration was determined using a Bio-Rad protein assay kit (Bio-Rad) and BSA as standard.
